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Abstract 
A latent thermal energy storage system, which consists of sodium nitrate filled spherical capsules in a cylindrical tank, is 
analyzed for concentrating solar power plant applications. The high temperature synthetic oil, Therminol 66, is used as heat 
transfer fluid. A numerical model is developed to investigate the behavior of the system. The developed model is validated using 
the reported experimental and numerical data. The influence of capsule size and the flow rate of heat transfer fluid (HTF) on the 
temperature distribution, fluid flow, melting and solidification of the system is studied. The natural convection effect present in 
the liquid region during melting is resolved by the effective thermal conductivity, which is calculated by enthalpy formulation 
method. The results indicated that the heat transfer rate is increased and eventually the charging/discharging time is decreased 
when the capsule size is decreased, or the HTF flow rate is increased. 
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Nomenclature 
 
Cp VSHFLILFKHDW-NJÂ. 
d diameter of the capsule (m) 
hf  heat transfer coefficient (W/m2 ÂK) 
L latent heat of fusion (J/kg) 
Nu Nusselt number 
P pressure (Pa) 
Pr Prandtl number 
r radial coordinate (m) 
rc outer radius of inner layer coating (m) 
ri inner radius of the capsule (m) 
rm solid-liquid interface (m) 
ro outer radius of the capsule (m) 
R storage tank radius (m) 
Ra Rayleigh number 
t time (s) 
T temperature (K) 
u velocity vector (m/s) 
z axial coordinate (m) 
 
Greek symbols 
Ȗ melt fraction at each element 
K G\QDPLFYLVFRVLW\3DÂV 
Ȝ WKHUPDOFRQGXFWLYLW\:PÂ. 
ȡ density (kg/m3) 
 
Subscripts 
eff effective 
f fluid 
i inner 
init initial 
liq liquid phase 
m melting 
nik nickel 
o outer 
pol polymer 
s solid 
sol solid phase 
 
Abbreviations 
CHTZ  constant high temperature zone 
CLTZ constant low temperature zone 
CMTZ constant melt temperature zone 
CSP concentrated solar power 
HEZ  heat exchange zone  
HTF heat transfer fluid 
PCM phase change material 
R&D research and development 
TES thermal energy storage 
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1. Introduction 
Thermal energy storage plays an important role in concentrating solar power (CSP) plants. Thus, significant R&D 
activities are being developed in the field of thermal energy storage (TES) in recent years. Numerous storage 
methods for various temperature ranges have been investigated and reviewed [1-2]. At present, latent heat storage in 
phase change materials (PCM) is considered as one of the most attractive methods. Several PCMs have been 
identified for low [3] and high temperatures [4] applications and experimental and numerical studies have been 
conducted to characterize them. Garg et al. [5] summarized early literatures on packed bed thermal storage systems. 
The results of various numerical models of both sensible and latent heat storage methods were compared by Ismail 
and Stuginsky [6]. Reviews on PCM based thermocline storage systems were presented [7-8]. Various numerical 
models have been developed in the past few decades to predict the thermal and hydrodynamic behavior and 
performance of the packed bed latent heat thermal energy storage systems. These models are generally classified into 
three major groups: Single phase model, two phase continuous solid phase model and the concentric dispersion 
model. Since the detail modeling of each element inside the system is so complicated due to its complex 
configuration and process dynamics, many hypotheses and correlations have been used in these models. To improve 
the accuracy of the model, an effective model has been developed and reported recently [9], which is different from 
the previous models. In this model, the fluid flow through the voids among the PCM spheres and the thermal 
gradients inside the capsules can be investigated. Experimental correlations or empirical expressions are not 
involved in this model except the treatment of the effective thermal conductivity, which is used to include the natural 
convection effects in the liquid PCM during melting. Although several studies have been reported in the literature on 
thermal energy storage systems, phase change process, heat transfer characteristics inside the packed bed and 
thermal gradients inside the capsules at high temperatures have not been studied completely. Accordingly, in this 
study, the effective packed bed model is used to investigate the thermal behavior and performance of the TES 
system. Temperature distribution, fluid flow, melting and solidification of the system are predicted and the influence 
of system configuration and operating parameters on the performance of the system is studied.  
 
Fig.1. Schematic of the computational domain 
2. Numerical modelling 
2.1. Modelling approach and governing equations 
Fig. 1 shows the schematic of a lab-scale thermal storage tank packed by spherical capsules. The capsules are 
filled with sodium nitrate, and the shell of the capsule is made up of nickel. Since the tendency of the sodium 
nitrate-shell interface is highly corrosive, a polymer coating is made at the inner surface of the shell to avoid contact 
between the sodium nitrate and shell. The high temperature synthetic oil, Therminol 66, is used as heat transfer 
fluid. In order to simulate the fluid flow and heat transfer inside the tank, a numerical model is developed based on 
the following assumptions: Due to the axial symmetry configuration and boundary conditions, the 2D model is 
adopted. The flow inside the tank is assumed as laminar and incompressible and the radiation heat transfer between 
the capsules is negligible. The rhombic packing is assumed, as a result, the contact between the capsules is point-to-
point, and eventually the heat transfer between the capsules is negligible. Therefore, the void space between the 
capsules is assumed, because the 2D model does not lead to flow through the bed if the capsules contact to each 
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other [9]. Based on the foregoing assumptions, the governing equations to predict the heat transfer and fluid flow in 
the void region of the system are given by 
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where u, ȡμ, P, Cp, T and Ȝ are velocity vector, density, dynamic viscosity, pressure, specific heat, temperature 
and thermal conductivity respectively. The energy equation in the PCM region is given by  
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Where, the specific enthalpy (h) is defined as the sum of the sensible enthalpy hsen and enthalpy change due to 
phase change Ȗ/, where L and  Ȗ are the latent heat of the material and the melt fraction respectively. The subscript f 
and s represent the HTF domain and PCM domain respectively. 
Table 1. Boundary conditions 
 Boundary T Vi 
Inlet Tf (t) Mass flow rate (kg/s) 
Outlet   
Wall  0 
The temperature dependent thermo-physical properties of the PCM, HTF and shell of the capsule are obtained 
from the Ref. [2]. The thermal resistance caused by the shell of the capsule is included in the model. The boundary 
conditions are given in Table 1. Grid dependent tests were carried out in the preliminary calculations for various 
grid sizes; 0.001, 0.002 and 0.005 m. The grid size of 0.002 m was found to be adequate. All the governing 
equations are solved using the commercial CFD code FLUENT. 
2.2. Determination of effective thermal conductivity 
From the literature on melting and solidification processes of the PCM, it is noticed that the thermal conduction is 
the major heat transfer mechanism during solidification process, whereas natural convection plays a vital role during 
melting process [10-11]. Most of the melting process models only considered the thermal conduction due to 
complexity in describing the natural convection during melting process. In this study, the convective effect present 
in the liquid region is resolved by the effective thermal conductivity. To predict this, one dimensional conduction 
model for phase change process inside a capsule is developed by enthalpy formulation method, based on the 
literature models [12-13]. The governing equation and boundary conditions are given below 
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During charge mode, the temperature of the capsule is initially assumed at lower than melting point of the PCM. 
When the t > 0, the spherical capsule is subjected to the convective heating at the outer surface due to the 
temperature of the fluid, which is higher than the melting temperature. Boundary conditions at the external surface 
and the center of the sphere are given as follows 
0/  ww zT 0/  ww zVi
)( TTh aw 
762   Selvan Bellan et al. /  Energy Procedia  69 ( 2015 )  758 – 768 
00
1 2
2   w
w
 
¸¸¹
·
¨¨©
§
¸¸¹
·
¨¨©
§ 
¸¸¹
·
¨¨©
§

 
w
w
 rat
r
T
andrrat
r
rrr
rr
rrr
hr
r
TT
t
T s
i
c
i
pol
ic
oc
co
nik
i
fo
i
fss
OO
O   (6) 
Where ri, ro and rc are inner radius, outer radius and outer radius of the polymer layer of the capsule respectively. 
The hot heat transfer fluid heats up the capsule. When the temperature of the PCM close to the inner surface of the 
capsule reaches the melting temperature, the PCM melts and the liquid layer gradually grows up towards the center 
point of the capsule. The convection effect present in the molten PCM depends on the Rayleigh number, which is 
calculated by the thickness of the liquid layer (LĮ= ri – rm). The effective thermal conductivity is calculated using 
Raithby’s correlation [14], 
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Fig. 2. Experimentally measured [13] and numerically predicted solid-liquid interface positions as a function of time for various Stefan numbers 
 
Fig. 3(a) Solid-liquid interface position as a function of time for different capsule sizes, (b) Rint position of 25 mm radius capsule predicted by 
Xia’s correlation for various m coefficients. 
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The heat transfer coefficient (hf) between the HTF and the spherical capsule is obtained from the empirical 
correlation [15]. In order to validate this model, present model results are compared with the reported experimental 
and numerical results [13]. In the reported investigation, the paraffin wax was filled in a spherical capsule, 49 mm 
radius, and placed inside a water filled vessel which was heated by an electrical heater; the melting process inside 
the capsule was studied and the temporal variation of solid-liquid interface position was predicted. In this study, 
simulations are performed for the same setup and conditions using the developed model. Fig. 2 shows the 
experimental and predicted values (present and previous models) of solid-liquid interface position as function of 
time for various Stefan numbers. The dimensionless interface position, Rint, is defined as the ratio of the interface 
radial distance (rm) from the centre of the capsule to the inner radius of the capsule (ri). As can be seen in the figure, 
the predicted and experimental interface positions are in close agreement in the initial stage whereas a significant 
deviation is found in the later stage. The main reason for this deviation could be the presence of 10% air gap in the 
capsule, but this model assumed as completely filled capsules. All in all, the present model results are comparable 
with previous model predictions and experimental measurements. Using the validated model, calculations are made 
for the present study; the solid-liquid interface position of the sodium nitrate filled capsule at P1 (as shown in Fig.1) 
is predicted. The convective heat flux boundary condition at the outer surface of the capsule is calculated according 
to the thermo-fluid flow at P1. Fig. 3 (a) shows the solid-liquid interface position as a function of time for different 
capsule sizes. As expected, the complete melting time is decreased when the capsule size is decreased. Here the 
effective thermal conductivity is calculated according to the solid-liquid interface position. This approach is 
appropriate for the melting problem of single capsule whereas which is complicated for the whole storage tank, 
because it is so complex to predict solid-liquid interface position for each capsule inside the tank. Thus, the Xia`s 
correlation is adopted to calculate the effective thermal conductivity as given below [9, 16-17]. 
m
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In order to obtain the C and m coefficients, various values are assumed and their solid-liquid interface positions 
are predicted as a function of time. Then, the appropriate coefficients are obtained by comparing the Rint position 
and complete melting time obtained by Raithby’s correlation (Eq. 7). Initially, the coefficient of C is fixed at 0.18 
[9], and calculations are made for 25 mm radius capsule. Fig. 3(b) shows the solid-liquid interface position predicted 
by Xia’s correlation (Eq. 8) for various m coefficients. Rint position predicted by the Raithby’s correlation (Eq. 7) is 
plotted for comparison. As can be seen in the figure, a good approximation is found when the coefficient m is 0.186, 
which is used to calculate the effective thermal conductivity, and the same approach is extended to predict the 
appropriate coefficients for other cases. 
 
Fig. 4.  Experimentally measured [18] and numerically predicted temperature distribution of the PCM capsule at 16th row during charging and 
discharging processes. 
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2.3. Validation of the model 
For validation purposes, the difference between the numerically predicted results and the experimentally 
measured results [18] is presented. The experimental results of Arkar et al., [18] are used and the configuration of 
the system is given in Fig. 4. The temperatures of the PCM capsule at the 16th row of the axis during charging and 
discharging processes are shown in Fig. 4 for two different flow rates. A good agreement is found between the 
present numerical results and the experimental measurements. 
3. Results and discussion 
To study the effect of capsule size on the performance of the thermal storage system, the gas flow rate and the 
HTF temperature are fixed and simulations are performed for the packed bed filled with various capsule sizes, by 
assuming the tank wall is insulated. The phase change is assumed between 578.95 and 579.95 K (mushy zone). 
Charge mode: 529.LVLQLWLDOO\FRQVLGHUHGWKURXJKRXWWKHWDQNZKLFKLV.¨7ORZHUWKDQWKHPHOWLQJ
temperature, Tm = 579.95 K. When t > 0, the HTF temperature and the flow rate at the inlet are fixed at 629.95 K 
and 1 m3/h respectively.  
Discharge mode: Initially, the storage tank is assumed as fully charged state, at 628.95 K. When t > 0, the 
temperature of the HTF and the flow rate at the inlet are given as 528.95 K and 1 m3/h respectively. For these 
conditions, simulations are performed for the packed bed composed of different capsule radii: 10, 15 and 20 mm.  
 
Fig. 5. Temperature, melt fraction and velocity vectors of the storage tank at 1800 s during charge mode 
The temperature, melt fraction and velocity distribution of the storage tank at 1800 s during charge mode are 
shown in Fig. 5, which is composed of 20 mm radius capsules. In Fig. 5 (a), the bottom side represents the 
temperature distribution of the PCM and fluid domains, and the top side represents the melt fraction of the PCM 
domain and the velocity vectors of the HTF domain. In order to show the thermal gradients inside the capsule and 
the corresponding melt fraction, HTF flow around the capsules and the corresponding velocity vectors, a small 
portion of Fig. 5 (a) is expanded and shown in Fig. 5 (b). It is observed that, this model not only provides the 
accurate results than continuous solid phase model, but it enables to obtain more details of the fluid flow and heat 
transfer characteristics of the system. The temperature distribution and melt fraction of the packed bed during charge  
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Fig. 6. Temperature and melt fraction of the packed bed during charge process for various capsule sizes at 900, 1800, 3600 and 5400 s. 
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process are shown in Fig. 6 for various capsule sizes at 900, 1800, 3600 and 5400 s. The 1st , 2nd and 3rd rows 
represent the packed bed filled with 10, 15 and 20 mm radii capsules respectively. In each plot, the left side 
represents the temperature and the right side represents the melt fraction. It is observed that the heat transfer 
between the PCM capsules and the fluid is rapid except the phase change region (mushy zone) due to the latent heat 
transfer and thermal resistance caused by the molten layer. It is also observed that the heat transfer rate at near wall 
region is high since the velocity of the HTF is high in near wall region than the rest of the region, as a result, the 
melting initially started close to the inlet-wall region and gradually spread throughout the tank. This effect is 
observed in all cases. It can be seen that the heat transfer rate of the bed is high for the small size capsules than the 
large size capsules. 
 
 
Fig.7. Melt fraction of the bed during charging and discharging processes as a function of time for different capsule sizes 
Melt fraction of the bed during charging and discharging processes is shown in Fig. 7 as a function of time for 
different capsule sizes. It is noticed that the time for complete melting and solidification is increased when the 
capsule size is increased. This is due to the heat transfer area between the capsules and the HTF, which is decreased 
when the capsule size is increased since the surface to volume ratio is decreased. It is also observed that the 
complete solidification time is longer than the melting time due to the convection effects in the liquid region during 
melting process. 
In order to study WKHLQIOXHQFHRIIOXLGIORZUDWHFDSVXOHUDGLXVDQG¨7DUHUHVSHFWively fixed at 10 mm and 50 K, 
simulations are performed for various flow rates: 1, 2, 3, 4 m3/h. The instantaneous temperature distributions of the 
HTF and the PCM at various axial locations inside the system during charging and discharging processes are shown 
in Fig. 8.  
The heat transfer process at each element of the system generally undergoes any one of the following stages; (1) 
Constant high temperature stage (CHTS) or the hot stage, when the temperature of the element is at the initial 
temperature, A-B stage, which is marked in the PCM temperature plot at 1m3/h-P2. (2) Constant low temperature 
stage (CLTS) or the cold stage, when the temperature of the element is equal to the HTF temperature, E-F stage. (3) 
Heat transfer stage (HTS), which consists of constant melt temperature stage (CMTS), when the temperature of the 
element is between the mushy zone, C-D stage, and  Heat exchange stage (HES), when Tinit<Ts<Tsol and Tliq<Ts<Tf , 
two intermediate stages B-C and D-E. These three stages at P1, P2 and P3 are apparently seen in the figure for 
various cases. In the constant high and low temperature stages, the HTF and the PCM are in thermal equilibrium; in 
the CMTS, latent energy transfer between the PCM and the HTF takes place; and in the HES, sensible heat transfer 
between the HTF and the PCM occurs. As estimated, the CMTS and HES are increased when the fluid flow rate is 
decreased due to the heat transfer rate.  
Melt fraction of the bed during charging and discharging processes is shown in Fig. 9 as a function of time for 
various fluid flow rates. As estimated, the complete melting/solidification time is decreased when the fluid flow rate 
increased due to the heat transfer rate, which is high for high flow rate.  
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Fig. 8. Instantaneous temperature distribution of the PCM and HTF at P1 (close to the inlet), P2 (centre) and P3 (close to the exit) during charge 
(left) and discharge (right) processes 
 
Fig. 9. Temporal variation of melt fraction of the storage tank during charge and discharge processes for various HTF flow rates 
4. Summary and Conclusion 
The effective packed bed model is developed and used to study the thermal behavior and performance of the TES 
system. The influence of capsule size and HTF flow rate on the temperature distribution, fluid flow, melting and 
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solidification of the system is predicted. The following important results are noticed; the heat transfer rate is 
significantly increased when the capsule size is decreased due to the surface to volume ratio, the complete melting 
time is shorter than the solidification time due to the convection effects during melting process. This model not only 
provides the accurate results than continuous phase model, but it enables to obtain more details of the fluid flow and 
heat transfer characteristics of the system. Thus, this model can be used to optimize the design of the packed bed 
system and to investigate the influence of operating parameters on the performance of the system. 
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